Herpesviruses remain predominantly cell associated within their hosts, implying that they spread between cells by a mechanism distinct from free virion release. We previously identified the efficient release of murine gammaherpesvirus 68 (MHV-68) virions as a function of the viral gp150 protein. Here we show that the MHV-68 ORF27 gene product, gp48, contributes to the direct spread of viruses from lytically infected to uninfected cells. Monoclonal antibodies to gp48 identified it on infected cell surfaces and in virions. gp48-deficient viruses showed no obvious deficit in virion cell binding, single-cycle replication, or virion release but had reduced lytic propagation between cells. After intranasal infection of mice, ORF27-deficient viruses were impaired predominantly in lytic replication in the lungs. There was a small deficit in latency establishment, but long-term latency appeared normal. Since ORF27 has homologs in both Epstein-Barr virus and Kaposi's sarcoma-associated herpesvirus, it is likely part of a conserved mechanism employed by gammaherpesviruses to disseminate lytically in their hosts.
Epidemic viruses generally rely on high infectivities to transmit infection before immune responses become effective. In contrast, persistent viruses use immune evasion to establish a state of chronic, low-level infectivity. In keeping with this strategy of stealth, persistent viruses generally release virions only in very specific settings and otherwise spread via cell-cell contact.
Herpesviruses are archetypal persistent pathogens. Acute infections are not associated with a detectable viremia, consistent with a predominance of direct, cell-to-cell virus transfer. In herpes simplex virus, this is a function of gE and gI, which are dispensable for lytic replication in vitro but contribute to dissemination in vivo (11) . Glycoprotein D of pseudorabies virus, which binds virions to cells, illustrates the converse: it is important for growth in vitro but dispensable for growth in vivo (22) . Thus, spread by virion release and spread by cell-cell contact, though clearly overlapping in their requirements for membrane fusion, appear to be separable processes involving distinct attachment proteins. Any therapeutic intervention must therefore encompass these two separate modes of viral spread.
We are interested in the molecular processes that underlie the dissemination of gammaherpesviruses. These viruses lack genetic homologs of alphaherpesvirus gE and gI. The virusdriven proliferation of latently infected lymphocytes plays a central role in host colonization by gammaherpesviruses (8) , but lytic replication must still be required for entry into and exit from hosts as well as for viral transit between different cell types. Cell-binding virion proteins have been identified for Epstein-Barr virus (EBV) (6, 32) and Kaposi's sarcoma-associated herpesvirus (KSHV) (2) , but the processes by which gammaherpesviruses spread between cells in vivo remain unknown. Moreover, the strict species tropisms of EBV and KSHV make it difficult to use them to identify such functions. Murine gammaherpesvirus 68 (MHV-68) is a related virus of mice (3, 12, 34) that expresses genes homologous to those of EBV and KSHV in a more experimentally accessible setting. We are therefore using MHV-68 to identify how gammaherpesvirus glycoproteins contribute to host colonization.
MHV-68 encodes nine predicted membrane-bound glycoproteins that potentially contribute to cell-to-cell spread. gB, gH, and gL are conserved in all mammalian herpesviruses and are likely to be essential for membrane fusion (9, 23, 25) . This would imply that they are also necessary for cell-to-cell spread, but they may not be sufficient in the context of natural infection. gM and gN are also widely conserved in herpesviruses, and gM is an essential protein of MHV-68 (20, 21) , but the gM/gN heterodimer functions mainly in virion assembly and egress (7, 17) . ORF4 encodes a complement-binding protein (15) , and gp150 promotes virion release (10, 30) . In addition to these glycoproteins, the predicted multiple membrane-spanning protein encoded by ORF58 may play a role in virion attachment to polarized cells (33) . However, the RGD motif implicated in this function for the EBV ORF58 homolog, BMRF2, is not conserved in MHV-68 or KSHV.
The ORF27 and ORF28 gene products of MHV-68 are candidates for playing a role in cell-to-cell viral spread, simply by virtue of encoding putative glycoproteins of unknown function. Both have homologs in KSHV (ORF27 and ORF28) and EBV (BDLF2 and BFLF3). EBV lacking BDLF3 shows enhanced rather than reduced infection of epithelial cells (5), and we have found no obvious replication deficit in MHV-68 lacking its BDLF3 homolog, ORF28 (20a). We therefore characterized the MHV-68 ORF27 gene product and its role in infection. ORF27 was found to encode a glycoprotein, gp48, which is expressed on the surfaces of infected cells and is present in purified virions. ORF27-deficient MHV-68 was 
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respectively, was amplified from viral DNA by PCR (Hi-Fidelity kit; Roche Diagnostics, Lewes, United Kingdom) and cloned into the EcoRI and XhoI sites of pMSCV-IRES-NEO (28) . The empty vector was used as a control. Plasmids were transfected into BHK-21 cells by the use of Fugene-6 (Roche Diagnostics) according to the manufacturer's instructions. Viral mutagenesis. We generated two nonoverlapping ORF27 mutants by using an MHV-68 genomic bacterial artificial chromosome (BAC) (1). First, a kanamycin resistance gene flanked by Flp recombinase target (FRT) sites was amplified by PCR from BsaI-linearized pCP15 by the use of primers with 50-bp 5Ј extensions corresponding to genomic coordinates 45311 to 45360 and 45440 to 45391. The purified PCR product was electroporated into Escherichia coli JC8679 containing the MHV-68 BAC and recombined into the ORF27 coding sequence by the constitutive RecE/T activity of this bacterium. Recombinant BACs were isolated from chloramphenicol-and kanamycin-resistant colonies and transformed into E. coli DH10B. The bacteria were then transformed with a temperature-sensitive Flp recombinase expression plasmid, pCP20, to excise the kanamycin resistance gene. This left 166 bp of foreign sequence in the BAC, comprising a single FRT site, in-frame stop codons, and short, flanking plasmid sequences, in place of 30 bp of ORF27. The E. coli DH10B cells were cured of pCP20 by growth at 43°C. Correct mutagenesis was confirmed by restriction enzyme mapping of the BAC DNA. For construction of a revertant virus, the BamHI-C genomic clone (genomic coordinates 42401 to 49938) (12) was subcloned from pUC9 into the pST76K-SR shuttle vector and recombined into the mutant BAC by transient RecA expression according to established protocols (1). ORF27 repair was confirmed by digestion of the BAC DNA with EcoRI. An independent ORF27 mutant was made by inserting an oligonucleotide encoding multiple stop codons into a ScaI site in the ORF27 coding sequence. The ScaI site in pACYC177 (New England Biolabs, Hitchin, United Kingdom) was removed by digestion with ScaI and HincII and ligation of the linearized plasmid back to itself. The BamHI-C genomic fragment was subcloned into the modified pACYC177 plasmid, digested with ScaI, which cuts at genomic coordinate 45480, and treated with shrimp alkaline phosphatase (Roche Diagnostics). A palindromic oligonucleotide containing a diagnostic EcoRI restriction site and stop codons in all reading frames (5Ј-CTAGCTAGCTAGAATTCTAGCTAGCTA G-3Ј) was heated, annealed, phosphorylated with polynucleotide kinase (New England Biolabs), and ligated into the ScaI site of ORF27. The mutant BamHI-C fragment was then subcloned into the pST76K-SR shuttle vector and recombined into the mutant BAC by transient RecA expression as described above. All BACs were reconstituted into infectious viruses by transfecting BAC DNAs into BHK-21 cells by the use of Fugene-6. The loxP-flanked BAC-GFP cassette was removed by passaging the virus through NIH 3T3-CRE cells.
Virus growth and titration. All virus stocks were grown and titrated in BHK-21 cells (10) . Infected cells were harvested when Ͼ50% of them showed cytopathic effects. After sonication, cell debris was pelleted by low-speed centrifugation (1,000 ϫ g, 3 min) and discarded. Virions were then pelleted by high-speed centrifugation (38,000 ϫ g, 90 min), resuspended in complete medium, and The open arrowhead indicates the major specific band. There was also a possible higher-molecular-mass, ORF27-specific band (filled arrowhead), but this was difficult to distinguish from the precipitating MAb. The samples were unreduced, so even though the band at 55 kDa corresponds to the IgG heavy chain, the bulk of the immunoglobulin ran intact at higher molecular masses. (E) Infected cell lysates were reduced, denatured, and then either left undigested (UD), digested with endoglycosidase H (EH), or digested with protein N-glycanase (PG). The samples were then immunoblotted with the T8H3 MAb (a similar pattern was observed with the 6D10 MAb). Immunoblotting of the same samples with the gB-specific MAb T7H9 provided a control of protein integrity.
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on September 22, 2017 by guest http://jvi.asm.org/ stored in aliquots at Ϫ70°C. For the preparation of purified virions, virus stocks were layered over 5 to 15% Ficoll gradients and then centrifuged (30,000 ϫ g, 90 min). The virions were recovered as a distinct band, resuspended in phosphatebuffered saline (PBS), pelleted (30,000 ϫ g, 90 min), sonicated, and stored at Ϫ70°C. For titrations of infectious viruses in the lungs, the lungs were homogenized in complete medium, frozen, thawed, and sonicated. Tissue debris was pelleted by a brief centrifugation step (1,000 ϫ g, 1 min). Infectious viruses in homogenate supernatants were measured by a plaque assay with MEFs (10). Monolayers were fixed in 10% formaldehyde after 6 days and stained with 0.1% toluidine blue. Plaques were counted with a plate microscope. Latent viruses in spleens were measured by explant culturing of single-spleen-cell suspensions on MEF monolayers. These cultures were fixed and stained after 7 days. Southern blotting. DNAs were extracted from virus stocks by alkaline lysis (19) , digested with restriction endonucleases, electrophoresed in 0.8% agarose gels, and transferred to positively charged nylon membranes (Roche Diagnostics). A [ 32 P]dCTP-labeled probe (APBiotech, Little Chalfont, United Kingdom) was generated by random primer extension (Nonaprimer kit; Qbiogene, Bingham, United Kingdom) according to the manufacturer's instructions. Membranes were hybridized with the probe (65°C, 18 h), washed to a stringency of 0.2% SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% sodium dodecyl sulfate (SDS), and exposed to X-ray film.
Immunoblotting and immunoprecipitation. Monoclonal antibodies (MAbs) specific for ORF27 were generated by fusing spleen cells of MHV-68-immune mice with NS0 cells (16) . We derived the following four ORF27-specific MAbs: T6E11 (immunoglobulin G2a [IgG2a]), T8A11 (IgG2a), T8H3 (IgG1), and 6D10 (IgG2a). MAbs against gB (T7H9) (18), gp150 (T4G2), and ORF4 (T3B8) (10) were used as controls. For immunoblotting, samples were lysed on ice for 30 min in a mixture containing 1% Triton X-100, 50 mM Tris-Cl (pH 7.4), 150 mM NaCl, 5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, and Complete protease inhibitors (Roche Diagnostics). Insoluble debris was removed by centrifugation (13,000 ϫ g, 15 min). Cleared lysates were then heated (50°C, 15 min) in Laemmli's buffer, with or without 5% 2-mercaptoethanol, resolved by SDS-polyacrylamide gel electrophoresis, and transferred to polyvinylidene difluoride membranes (Perbio Science, Tattenhall, United Kingdom). ORF27-specific immunoblotting was performed with the 6D10 or T8H3 MAb, followed by a horseradish peroxidase-conjugated rabbit antimouse IgG polyclonal Ab (Dako Corporation, Ely, United Kingdom) and ECL substrate development (APBiotech). For immune precipitation, MHV-68-infected cells (5 PFU/cell, 18 h) were labeled for 1 h with [ 35 S]cysteinemethionine (Perkin-Elmer Life Sciences, Cambridge, United Kingdom) (4). When indicated, the label was chased by the addition of 2 mM unlabeled cysteine-methionine. Labeled cells were lysed as for immunoblotting. Lysates 
RESULTS
Identification of ORF27 gene product. MHV-68 ORF27 is predicted to encode a type II transmembrane protein with multiple N-linked glycosylation sites (Fig. 1A) . The sequence conservation between MHV-68 ORF27 and its positional homologs in EBV (BDLF2) and KSHV (ORF27) is relatively low. However, all three proteins share the same basic form, with positionally conserved cysteine residues and the same potential for carrying multiple N-linked glycans. A large panel of MHV-68-specific MAbs was screened for reactivity against cells transfected with ORF27. We identified several MAbs that stained internal membranes of permeabilized, transfected cells, and some examples are shown in Fig. 1B . None of these MAbs stained the plasma membranes of transfected cells, and unfixed cells transfected with ORF27 showed no staining by flow cytometry (data not shown). However, the same MAbs stained the plasma membranes rather than internal membranes of virus-infected cells (Fig. 1C) . ORF27 staining was particularly visible on fine membrane extensions reaching out from infected cell surfaces, in contrast for example, to gB ( Fig. 1D and E) . Flow cytometry of nonpermeabilized infected cells confirmed that ORF27 was present on the exterior surface of the plasma membrane (Fig. 1F) . Thus, ORF27 requires other viral proteins to reach the cell surface, but in infected cells seems to accumulate specifically at the cell surface. ORF27 encodes gp48. The immunoprecipitation of metabolically labeled, MHV-68-infected cell lysates with ORF27-specific MAbs identified a 40-kDa protein (Fig. 2A) . We also pulse-labeled infected cells with [
35 S]cysteine-methionine and chased the label overnight before recovering virions from cellfree supernatants by ultracentrifugation. ORF27-specific MAbs then immunoprecipitated a 48-kDa protein from the pelleted virions (Fig. 2B) . The ORF27 gene product was therefore a virion protein that was processed from a 40-kDa to a 48-kDa form before leaving the cell. We confirmed the presence of the ORF27 gene product in virions by immunoblotting lysates of virions that had been purified through density gradients (Fig. 2C ). This identified a 48-kDa band for reduced samples and 48-and 96-kDa bands for unreduced samples. The ORF27 gene product in the virion was therefore disulfide linked in part, probably as a homodimer but possibly as a heterodimer with another viral protein.
In transfected cells, ORF27 remained in its 40-kDa form (Fig. 2D) , consistent with its being retained in the endoplasmic reticulum in the absence of other viral proteins (Fig. 1B) , rather than being processed to its mature form. The most likely explanation for the increase in size of the ORF27 gene product during maturation in virus-infected cells was that it became more heavily glycosylated. Digesting virion lysates with endoglycosidase H or protein N-glycanase made the 48-kDa band more difficult to detect with the ORF27-specific MAbs (Fig.  2E) , implying that their cognate epitopes were dependent on N-linked glycans. The fact that endoglycosidase H diminished the intensity of the 48-kDa band argued that a significant fraction of the ORF27 gene product in virions retained at least some high-mannose or hybrid N-linked glycans.
Generation of ORF27-deficient MHV-68. We constructed two nonoverlapping MHV-68 ORF27 mutants (Fig. 3A) . In the 27 Ϫ FRT mutant, 30 bp near the 5Ј end of ORF27 were replaced with a 166-bp insert that introduced stop codons before the putative ORF27 transmembrane domain plus diagnostic EcoRI and SacI restriction sites. In the 27 Ϫ STOP mutant, an oligonucleotide was inserted slightly further downstream, again introducing premature stop codons into the ORF27 coding sequence (plus a diagnostic EcoRI site) to prevent the expression of its extracellular domain. Southern blots of the viral DNAs confirmed the predicted genomic structures of each mutant plus a revertant of the ORF27 Ϫ FRT mutant ( Fig. 3B and C) . Correct mutagenesis was further confirmed by sequencing across the mutation sites (data not shown).
Neither ORF27 mutant expressed detectable gp48 at the cell surface, whereas the revertant virus did (Fig. 4A) . Also, the immunofluorescence of fixed cells showed no sign of gp48 expression when ORF27 was disrupted (Fig. 4B) , and gp48 was undetectable by immunoblotting lysates of cells infected with ORF27-deficient viruses (Fig. 4C) .
Impaired dissemination of ORF27-deficient MHV-68 in vitro. Both the STOP and the FRT ORF27
Ϫ mutant viruses showed impaired growth in BHK-21 cell monolayers after lowmultiplicity infections (Fig. 5A) . There was no growth deficit after high-multiplicity infections (Fig. 5B) , suggesting a problem with spread between infected cells rather than with singlecycle replication. The release of virions appeared to be normal (Fig. 5C) . Also, there was little or no defect in the rate of entry of ORF27-deficient virions into BHK-21 cells (Fig. 5D) . These data implied a specific reduction in direct intercellular viral spread.
The relative contributions to in vitro MHV-68 growth of virion release and cell-to-cell spread are unknown. In order to reduce the spread of infection by virion release, we cultured BHK-21 cell monolayers that had been infected at a low multiplicity under a viscous medium (0.6% carboxymethylcellulose) (Fig. 5E ). The growth defect remained, which argued against the ORF27-associated deficit being due to a problem with the dissemination of cell-free virions. A notable feature of growth under carboxymethylcellulose was that the ORF27 mutants formed much smaller plaques than wild-type or revertant viruses (Fig. 5F ). This was consistent with gp48 contributing to the efficient spread of infection between adjacent cells. ORF27-deficient MHV-68 also showed impaired spread when cultured in the presence of neutralizing antibody (Fig. 5G) .
It is possible that gp48 does contribute to the infectivity of virions in some settings. Despite a normal infection of fibroblasts, ORF27-deficient MHV-68 showed a two-to fourfold reduction in infection of RAW264.7 macrophages and NS0 myeloma cells (Fig. 5H) . Wild-type MHV-68 virions infect both of these cell lines rather poorly, perhaps because they are relatively deficient in cell surface glycosaminoglycans (10) . Thus, when infection was suboptimal, some role for gp48 was apparent, separate from its contribution to cell-to-cell spread in fibroblasts.
Impaired dissemination of ORF27-deficient MHV-68 in vivo. After intranasal infections of BALB/c mice, the ORF27 Ϫ FRT mutant showed somewhat reduced replication compared to wild-type MHV-68. The deficit was largest for acute lytic replication in the lungs (Fig. 6A, day 6 ). There was also some reduction in latent virus in the spleen (Fig. 6B) , which may have reflected in part the reduced lytic replication in infected lungs, since the level of lytic replication generally determines how much virus is initially seeded in the lymphoid tissue (8, 27) .
Intranasal infections of C57BL/6J mice reproduced the lytic replication deficit observed with BALB/c mice (Fig. 6C) . The ORF27 Ϫ STOP mutant also showed a replication deficit, whereas the revertant of the ORF27 Ϫ FRT mutant grew normally. Thus, the growth deficit was specifically due to ORF27 PFU/cell. Replicate cultures were then maintained in medium supplemented with 2% serum pooled from MHV-68-immune mice. disruption. C57BL/6J mice also showed some reduction in peak levels of latency (day 14), but by day 21 after infection, the reactivatable latent virus titers were equivalent for ORF27 ϩ and ORF27 Ϫ viruses (Fig. 6D) . A longitudinal analysis of the ORF27 Ϫ FRT mutant in BALB/c mice showed a similar pattern (Fig. 6E) : the infectious-center titers of the mutant virus were initially lower but converged with those of the wild-type virus by 21 days postinfection. In summary, it is possible that a lack of ORF27 led to a subtle latency deficit in lymphoid tissue, but the major phenotype of the knockout viruses was reduced lytic spread in infected lungs.
DISCUSSION
MHV-68 ORF27 was found to encode a 48-kDa glycoprotein expressed on the surfaces of infected cells. The disruption of ORF27 impaired cell-to-cell viral spread. Since ORF27 is conserved among gammaherpesviruses, it may be part of a mechanism by which these viruses spread between cells in the infected host, analogous to that of alphaherpesvirus gE and gI. The phenotype of ORF27-deficient MHV-68 contrasted with that of M7-deficient MHV-68 (10). The M7 gene product, gp150, is required for efficient virion release from infected fibroblasts, and M7-deficient mutants form normally sized plaques but fail to disseminate widely in vitro (10) . ORF27-deficient mutants released virus normally but formed small plaques. These two accessory viral glycoproteins are therefore components of distinct exit pathways from the infected cell, whereby virions can either be released into the extracellular space or be transferred directly to adjacent cells.
As nonmotile parasites, viruses face a fundamental problem in transport from established sites of infection to new cells and new hosts. A general solution to this problem has been for viruses to exploit physiological cellular pathways of mobility and communication (14) . Virion release efficiently spreads infection across in vitro fibroblast monolayers, on which the culture medium provides a substantial fluid-filled space for diffusion and convection currents. However, such spaces are rare in vivo, except at mucosal surfaces. Tissue boundaries and the close packing of cells normally limit the dissemination of cell-free virions. For example, neurotropic influenza virus spreads slowly through the brain substance but explosively when it reaches the cerebrospinal fluid (26) .
Viruses that disseminate beyond epithelial surfaces have adapted to the anatomical constraints on virion release by evolving mechanisms of direct cell-to-cell spread. The ex- ϩ (WT and REV) or ORF27 Ϫ (STOP and FRT) viruses as indicated. Infectious viruses in lung homogenates were measured by a plaque assay at the indicated times. Means Ϯ SEM of five mice per group are shown. Mutant virus titers were significantly lower than WT titers (P Ͻ 0.03), whereas the revertant titers (REV) were equivalent to WT titers (P ϭ 0.7). (D) Latent viruses in the spleens of mice equivalent to those used for panel C were measured by an infectious center assay. Means Ϯ SEM of five mice per group are shown. There was a significant reduction in the titers of the ORF27 mutants compared to the WT on day 14 after infection (P Ͻ 0.001) but not between the 27
Ϫ FRT mutant and its revertant (REV). There was no significant difference between any of the groups at the other times. (E) BALB/c mice were infected intranasally (2 ϫ 10 4 PFU/mouse) with the wildtype (WT) or ORF27-deficient (27 Ϫ FRT) virus. Latent viruses in spleens were measured by an infectious center assay. Means Ϯ SEM of five mice per group are shown, although the SEM error bars are smaller than the data points. The reduction in latent virus with the 27 ploitation of normal cellular functions then allows more efficient virion dissemination than simple diffusion. Such mechanisms are well defined for poxviruses, which use actin polymerization to extend long, virion-laden processes from infected cells (24) . MHV-68 infection also induces cellular processes, particularly on macrophages (P. G. Stevenson, unpublished data), and the presence of gp48 on small processes extending from infected MEFs (Fig. 1D) was consistent with a role in efficiently propagating infection between neighboring cells. Growth under a viscous medium places an emphasis on the direct cell-to-cell spread of infection, and under this condition, ORF27-deficient MHV-68 formed only small plaques (Fig. 5F ). The corresponding in vivo growth deficit (Fig. 6C) contrasted with the fairly normal in vivo growth of MHV-68 M7 mutants (10) .
Despite little or no defect in fibroblast entry, ORF27-deficient virions showed a two-to fourfold reduction in NS0 and RAW264.7 cell infections (Fig. 5H) . gp48 may therefore function as an accessory factor in the adhesion or penetration of some nonepithelial cell types in addition to its role in viral spread between epithelial cells. However, gp48 was clearly inessential for viral entry into the B-cell compartment (Fig. 6) . The entry of MHV-68 virions into cells with low levels of cell surface glycosaminoglycans, including B cells and macrophages, is inefficient (10), and how MHV-68 normally colonizes these cells types in vivo (13, 31, 35) is unclear. Thus, any role for ORF27 must remain speculative.
Outline functions have now been defined for most of the MHV-68 glycoproteins. The overall picture fits that of other herpesviruses. gB and gH are both essential proteins (21) consistent with a fusion function that probably also incorporates gL. MHV-68 gB is a virion protein (18) that binds to fibroblasts as a soluble Fc fusion protein (Stevenson, unpublished data), suggesting that, like KSHV gB, it has an additional role in virion attachment. The gM/gN complex is also essential (20) . A set of accessory glycoproteins supplements these core components. The ORF4 complement control protein, perhaps not surprisingly, functions mainly in immune evasion (15) . The virion release function of gp150 is presumably important for MHV-68 transmission. The possibility that gp150 is also important for MHV-68 latency (30) is doubtful. This claim was based on a single mutant with a large genomic deletion, whereas two mutants with more subtle disruptions of the gp150 coding sequence showed no such deficit (10) .
In this study, we have shown that gp48 enhances the intercellular spread of infection. There may also be a role for the MHV-68 BMRF2 homolog, ORF58, in infecting the basolateral surfaces of polarized cells (33) . The major task now is to define some of the cellular proteins that are important for MHV-68 attachment and entry and thereby to build up a comprehensive picture of how a gammaherpesvirus colonizes its natural host.
